Abstract-This paper analyzes the effects of voltage harmonic distortion on the losses and efficiency of energy efficient induction motors (EEIM). Preliminary studies show that when fed with distorted voltages the new EEIM have a greater impact on efficiency than standard induction motors. Therefore, in this work a more precise steady state equivalent circuit is used to quantify accurately the impact of the distorted voltage waveform on losses and efficiency of induction motor. The model is validated using two induction motors both of 5.5kW, 50Hz, four poles; one is class IE3 Premium efficiency and the other is class IE1 standard efficiency. The analysis of the results may lead to infer that the EEIM are a good alternative to reduce energy consumption, but the margin is lower under fed with distorted voltages compared with ideal supply conditions.
INTRODUCTION
Squirrel Cage Induction Motor (SCIM) is the electric motor the most widely used in industrial and commercial systems, because of their ruggedness, simplicity and relatively low cost. Approximately 68% of the electricity consumed worldwide in the industrial sector and 46% of global electricity consumption is used to drive electric motors [1] . When the life cycle cost (LCC) of the electric motor is analyzed over a 12-year period, the cost of energy can represent 95% of the LCC, while the cost of the motor can represent 3 % [2] . Therefore, operating efficiency of electric motors is an important goal to improve the industry energy efficiency and to reduce the energy consumption. At present, it is possible to choose SCIM of different efficiency: Standard efficiency (IE1), High efficiency (IE2), Premium efficiency (IE3) and Super Premium efficiency (IE4) [3] , [4] . The application of EEIM is one of the measures for saving electrical energy in the industry [5] .
The voltage distortion is one of the most frequent disturbances in electrical systems. The cause of appearance of voltage harmonics is the massive integration of electronic equipment (rectifiers, inverters, uninterruptible power supply, etc.) to the industry. The voltage harmonics have effects on losses, efficiency, torque, power pulsations, temperature rise, rated horsepower and life time of bearing of SCIM [6] , [7] , [8] , [9] , [10] , [11] , [12] . Preliminary studies seem to indicate that when fed with distorted voltages the EEIM (IE3, IE4) have a greater impact on efficiency than standard induction motors (IE1) [13] , [14] . Therefore, the problem of the impact of power quality on the performance of high efficiency electric motors is an issue that must be treated with great care and attention.
In this paper a more precise steady state equivalent circuit [6] , [9] , [15] and one methodology to estimate the effect of the harmonic distortion on the losses and the efficiency of SCIM [16] , is used to quantify more accurately the impact of the distorted voltage waveform on losses and efficiency of induction motor. The model is validated using two induction motors both of 5.5kW, 50Hz, four poles; one is class IE3 Premium efficiency and the other is class IE1 standard efficiency. The analysis of the results may lead to infer that the EEIM are a good alternative to reduce energy consumption, but the margin is lower under fed with distorted voltages compared with ideal supply conditions.
II. PROCEDURE TO ESTIMATE THE SCIM PARAMETERS

A. Equivalent Circuit of induction motor operation with nonsinusoidal supply waveforms
In order to determine more accurately the losses under nonsinusoidal conditions, a modified equivalent circuit of induction motor, proposed by Valencia and Quispe [9] taking as a basis the circuit proposed by Vamvakari et al. [6] , is used in this work. This equivalent circuit for the k th harmonic of the voltage waveform proposed is shown in Figure 1 .
It takes into account the individual effects of each voltage harmonic on the phases of the motor and allows determining the motor operation by means of superposition principle. In this figure, v k denotes the voltage harmonic of order k, r s the stator winding resistance and r´r the rotor resistance. The reactances x s , x r´ and x m the stator, rotor leakage reactances and magnetizing reactances at fundamental frequency, respectively.
CONICET, ANCyT-FONCyT, Universidad Nacional de Río Cuarto 978-1-5386-8372-9/18/$31.00 ©2018 IEEE The core loss resistance for voltage harmonic of order k is represented by r fe-k ; r ls-k and r lr-k are resistors representing harmonic iron losses (additional losses) associated with stator and rotor leakage fluxes respectively. These are placed in parallel with their corresponding leakage reactance terms. Finally s k is the slip characteristic of each harmonic frequency present in the supply.
For the performance calculation a methodology developed by Valencia and Quispe [16] is applied. It allows calculating all the circuit parameters for each kth order from the parameters of the fundamental harmonic (k=1). In this methodology, the resistors r s and r´r are considered as constant with the variation of the frequency.
B. Electric motors under study
In order to analyze the behavior of the SCIMs under different voltage distortion conditions, two 5.5kW induction motors were selected, one on the standard efficiency class (or IE1) and another on the Premium efficiency class (or IE3). The summary of the SCIMs catalog data are shown in Table I . Table I shows that the locked-rotor current as a function of the rated current is higher in the SCIM IE3 than in the SCIM IE1. This indicates lower locked-rotor impedance in the SCIM IE3 than in the SCIM IE1, which lead to lower impedance to the high frequency rotor currents in SCIM IE3 than in the SCIM IE1. This means, higher losses due to voltage harmonics in SCIM IE3 than in the SCIM IE1. The parameters of each of the SCIMs for the fundamental component of positive sequence are obtained according to the IEEE Std Standard 112-2004 section 5.9.1, method D [17] . The summary of the parameters obtained is shown in Table II . Table II shows that the SCIM IE3 has lower stator windingand rotor-resistance than the SCIM IE1. It is also observed that SCIM IE3 have lesser dispersion reactance and higher magnetization inductance than SCIM IE1. In addition, SCIM IE3 has a higher core losses resistance. Figure 2 shows a schematic of the test bench used to obtain the SCIM parameters and the experimental results to validate the proposed model. Test bench.
C. Test Bench
The SCIM under test is coupled mechanically to another SCIM which is controlled by a variable speed drive (VSD), which functions as a load. This SCIM acts as a generator dissipating the energy on a resistive load. The torque reference is set externally to the values required for each test.
III. RESULTS
In this paper, the behavior of the SCIM under ideal supply conditions and with harmonic distortion is analyzed. For the condition with harmonic distortion, it is analyzed the case where the fundamental voltage is equal to the nominal voltage, the 5th and 7th are 22% and 15% of the fundamental respectively (HVF = 0.114). This condition is close to the maximum Harmonic Voltage Factor (HVF) allowed by the NEMA MG1 2003, section 30.1.2 of HVF = 0.115 [3] .
The torque and speed measurements were performed using a torque sensor of 100 N m full scale. The electrical variables were acquired through a four-channel oscillography recorder (3.2s, 40kS). Two phase currents and two line voltages were measured. Finally, the data was processed on a personal computer. Figure 3 shows the simulation results of the behavior of the losses as a function of the state of load for both SCIMs. The figure shows the results under ideal conditions and for an HVF = 0.114. Losses in function of the load for ideal supply conditions and with HVF = 0.114 Figure 3 shows that voltage distortion produces higher losses in both SCIMs than with ideal supply voltages. Also, it is observed that the losses in the SCIM on the IE3 efficiency class, with distorted voltages, can be higher than in the SCIM on the IE1 efficiency class with ideal supply conditions. The increase in losses, due to harmonic currents, leads to a reduction in SCIM efficiency. Figure 4 shows the simulationand experimental-results of the behavior of the efficiency on the SCIM IE1 for different load conditions. Figure 5 shows the results for the SCIM IE3 efficiency class. The efficiency of the SCIM IE1 at full load and under ideal supply is 3% higher than with voltage distortion (HVF = 0.114). This difference increases as the SCIM load decrease. Efficiency as a function of load for ideal conditions and with HVF=0.114. SCIM on IE1 efficiency class. Efficiency as a function of load for ideal conditions and with HVF=0.114. SCIM on IE3 efficiency class.
In the same way, the SCIM IE3 presents a similar behavior ( Figure 5 ). The efficiency of the SCIM IE3 at full load and under ideal supply is 3.5% higher than with voltage distortion (HVF = 0.114). In this case, the difference also increases as the SCIM load decrease.
IV. CONCLUSIONS
In this paper, a methodology for the estimation of losses as a function of the level of voltage harmonic distortion was evaluated in SCIMs of different efficiency classes. Voltage harmonics distortion produces higher losses than under sinusoidal supply voltages. The increase in losses is higher in the SCIM IE3 than in the SCIM IE1.
This behavior can be explained because the starting current as a function of the nominal current is higher in the SCIM IE3 than in the SCIM IE1. This implies lower starting impedance, which coincides with lower impedance to the high frequency rotor currents.
The performance of SCIM IE3 drops to a greater extent than that of SCIM IE1; however in all cases analyzed the SCIM IE3 has higher performance than SCIM IE1.
The highest drop in efficiency in SCIM IE3 versus SCIM IE1, is a result that merits more theoretical and experimental research to evaluate correctly the increase in efficiency with EEIM.
